Abstract 24
The objectives of this study were to evaluate the efficacy of plant essential oils 25 (EO's) for control of the natural spoilage microflora on ready-to-eat (RTE) lettuce and 26 carrots whilst also considering their impact on organoleptic properties. Initial 27 decontamination effects achieved using EO's were comparable to that observed with 28 chlorine and solution containing oregano recorded a significantly lower initial TVC level 29 than the water treatment on carrots (p < 0.05). No significant differences were found 30 between the EO treatments and chlorine considering gas composition, color, texture and 31 water activity of samples. The sensory panel found EO treatments acceptable for carrots 32 throughout storage, while lettuce washed with the EO solutions were rejected for overall 33 appreciation by Day 7. Correlating microbial and sensory changes with volatile emissions 34 identified 12 volatile quality markers. Oregano might be a suitable decontamination 35 alternative to chlorine for RTE carrots, while the identification of volatile quality markers 36 is a useful complement to sensory and microbiological assessments in the monitoring of 37 organoleptic property changes and shelf-life of fresh vegetables. vegetables are susceptible to microbial attack after harvest due to loss of natural 50 resistance and their high water and nutrient content (Ippolito & Nigro, 2003) , a problem 51 which can be exacerbated by minimal processing. MPFV products are normally packaged 52 in modified atmospheres and effective refrigerated temperature control during 53 manufacture, distribution and retailing are required for maintaining the microbiological 54 quality and safety of these products. Unfortunately, these steps do not either eliminate or 55 delay microbial spoilage of these products entirely (Sapers, 2001) . The dominating 56 bacterial population on these products during low temperature storage mainly consists of 57 species belonging to the Pseudomonadaceae and Enterobacteriaceae as well as some 58 species belonging to the lactic acid bacteria (LAB) group (Ragaert, Devlieghere & 59 Debevere, 2007) . 60
Disinfection processes incorporating chlorine are often applied to fresh vegetables 61 to enhance safety and shelf-life profiles, but its use has limitations and disadvantages, 62 such as a reduced antimicrobial effectiveness or the possible formation of carcinogenic 63 chlorinated compounds (Li, Brackett, Shewfelt & Beuchat, 2001; Martin-Diana, Rico, 64 Barry-Ryan, Frias, Henehan & Barat, 2007) . With increased concern about efficacy and 65 toxicological safety of chemicals and synthetic preservatives, the demand for natural 66 alternatives has increased. In this context, plant essential oils (EO's) are attracting interest 67 for their potential as natural food preservatives as they have Generally Recognised As 68 Safe (GRAS) status and many of them display a wide spectrum of antimicrobial activity, 69
Color measurement was performed using a Color Quest XE colorimeter (Hunter Lab, 161 Northants, UK). The colorimeter was calibrated using a white reference tile (L* = 93.97, 162 a* = -0.88 and b* = 1.21) and a light trap (black tile) under illumination conditions. Nine 163 random areas were measured thorough the packaging film, and the three CIELAB color 164 values (L*, a* and b*) were recorded. The illuminant chosen was D65 and the observer 165 used was 10°. The variable L* (lightness index scale) ranges from 0 for black to 100 for 166 white. The a* scale measures the degree of red (+a*) or green (-a*) colors and the b* 167 scale measures the degree of yellow (+b*) or blue (-b*) colors. 168
Texture properties of lettuce and carrot discs were assessed using an Instron Universal 169
Testing machine model 4464 (Instron Limited, High Wycombe, UK) fitted with a 170 puncture cell. The speed setting for the experiment was 500 mm/min and maximum load 171 for the puncture test was expressed in kN. For each treatment, data were obtained from 10 172 (carrot) or 40 (lettuce) pieces from a package and analyzed with the Instron series IX 173 software for Windows. 174
Water activity was measured using the Aqualab Series 3 (Decagon Devices, Pullman, 175 Washington, USA) at 23-24 °C. 176 177
Sensory analysis 178
Sensory analysis was performed using a 10 member trained panel with an age range 179 of 25-40 years. The panel consisted of four females and six males who were trained to be 180 familiar with sensory properties of minimally processed lettuce and carrots. The sensory 181 testing method was an acceptance test in which the sensory parameters were scored on a 182 descriptive scale of 1-9. The sensory parameters investigated included the following: (i) 183 vegetable aroma; (ii) off-odor; (iii) color; (iv) browning; (v) texture; (vi) vegetable taste; 184 (vii) off-after taste; (viii) overall acceptability; and (ix) overall appreciation. Descriptions 185 for each score were as follows: 9 = like extremely or extremely high, 8 = like very much 186 or very high, 7 = like moderately or high, 6 = like slightly or lightly high, 5 = neither like 187 or dislike or neither high or low, 4 = dislike slightly or slightly low, 3 = dislike 188 moderately or low, 2 = dislike very much or very low, and 1 = dislike extremely or 189 extremely low. Testing was carried out in sensory analysis booths located adjacent to the 190 processing hall with appropriate lighting conditions and temperature of around 18-20°C. 191 Results were monitored using the Compusense® Five software (Release 4.4, Ontario, 192 Canada). Sensory trials were replicated twice. 193 194
Volatile emission analysis: Solid-Phase Micro-Extraction (SPME) and Gas 195

chromatography-mass spectrometry (GC/MS) analysis 196
The package headspace was analyzed using a solid phase micro extraction (SPME) 197 device containing a fiber coated with polydimethylsiloxane (PDMS) film (Supelco, JVA 198 Analytical Ltd., Ireland), following a procedure previously developed and validated using 199 standard compounds in our laboratory (Lonchamp, 2006) . Before extraction, an 200 impermeable path of adhesive PVC was attached to each package and a hypodermic 201 needle was used to perforate it. The SPME device was then inserted through the plastic 202 adhesive, and the SPME fiber was exposed for five min and then retracted. The 203 packaging film was resealed using another impermeable patch of PVC. 204 A Varian 3800 GC (JVA Analytical Ltd., Ireland) with a 2200 Varian ion trap MS 205 was used to analyze the samples. SPME fiber injections were made splitless for 3 min 206 with the GC injection port temperature held at 250°C. Grade 5.0 helium, filtered through 207 a Gas Clean GC/MS filter (Varian), was used as the carrier gas at a constant flow rate of 208 2.0 ml/min. Volatile compounds were adsorbed by a fused-silica capillary column Sil 8, JVA Analytical Ltd., Ireland) with a length of 30 mm, an inner diameter of 0.25 210 mm and a 0.25 μm film thickness. The initial column oven temperature was set at 30°C 211 and held at this temperature for 5 min. The temperature was then increased to 250°C at a 212 rate of 5°C/min and the final temperature of 250°C was maintained for 15 min. MS 213 analysis of the eluted compounds was then carried out using the technique of electron 214 impact ionization. The electron ion source energy used was 70 eV and the mass range Vanderswalmen, Notebaert and Debevere (2004) 
Sensory analysis of lettuce and carrots treated with EO's and chlorine 293
The results of sensory analysis of EO and chlorine treatments are shown in Figure  294 1. Previous studies carried out in our laboratory (Gutierrez et al., 2008a; Gutierrez et al., 295 2008b) showed that oregano oil was accepted by panelists at 250 ppm and that thyme oil 296 was only rejected at 500 ppm. These two EO´s displayed additive anti-microbial effects 297 and the combination of 125 ppm of oregano oil and 250 ppm of thyme aimed at reducing 298 the sensory impact while maintaining the antimicrobial efficacy of the treatment. In this 299 study, carrots treated with oregano and oregano + thyme were accepted throughout the 300 storage period. Both EO treatments were suitable in terms of overall appreciation and no 301 significant differences were found between samples treated with the EO's and chlorine (p 302 < 0.05). However, on Day 1 the vegetable aroma perceived from samples treated with 303 oregano + thyme was significantly (p < 0.05) less intense than that of oregano or 304 chlorine. In this context, Valero and Giner (2006) observed a positive score for carvacrol 305 but a strong smell and flavor of thymol which minimized the degree of acceptance or 306 liking for carrot broth. The strong effect of thyme on sensory quality of chopped bell 307 peppers was also described by Uyttendaele et al. (2004) . 308
For lettuce, samples treated with EO's and chlorine were accepted throughout the 7 309 days of storage when considering sensory quality. However, lettuce washed with EO's 310 were unsuitable in terms of overall appreciation by Day 7. The aroma and off-odors 311 perceived from samples treated with EO's were significantly (p < 0.05) more intense than 312 those of chlorine on Day 1, and the off-after taste of lettuce washed with oregano in 313 combination with thyme was found to be significantly (p < 0.05) stronger that those of 314 oregano or chlorine. By Day 7 samples treated with the EO combination had more intense 315 off-odors than those perceived from lettuce treated with oregano or chlorine. Since the 316 flavor of lettuce is weaker than that displayed by carrots, the sensory impact of EO's 317 could be higher on lettuce. 318
Volatile emission from lettuce and carrots treated with EO's and chlorine 320
The number of volatiles that were detected and identified in passive MAP lettuce 321 and carrots were 26 and 36, respectively (Table 3) . Volatile compounds are secondary 322 metabolites resulting from the degradation of primary metabolites, such as fats and fatty 323 acids, peptides and amino acids, and carbohydrates. Some metabolic pathways produce 324 volatile compounds in unprocessed horticultural produce, but most of them are either 325 enhanced or activated as a consequence of the wound-induced stress following processing 326 (Charron & Cantliffe, 1995; Choi, Tomas-Barberan & Salveit, 2005) . 327
Terpenes were the main group of detected volatiles and different terpene profiles 328
were found between lettuce and carrots. Eleven terpenes were specific to carrots (α-329 bergamotene, α-caryophyllene, α-curcumene, α-longipinene, β-ocimene, β-pinene, δ-330 elemene, γ-muurolene, γ-terpinene, p-cymene and pyronene), only one was specific to 331 lettuce (dehydro-p-cymene) and ledene was detected from both vegetables. Terpenes are 332 known to contribute to the fresh flavor of many vegetables (Fischer & Scott, 1997) , 333 therefore they are possible markers of the odor profile of ready-to-eat vegetables. Most of 334 the identified terpenes are associated with odor descriptions that are generally accepted 335 by consumers, such as wood, tea, warm, sweet, herb, pine or citrus (Table 3) . However, 336 some terpenes were related to off-odor profiles, such as the compounds α-longipinene, β-337 pinene, γ-terpinene or p-cymene, which are generally perceived as turpentine, gasoline or 338 solvent. 339
A wide variety of volatile organic compounds, including benzoic acids and phenols, 340 are emitted by the shikimic acid pathway and the phenylpropanoid acid pathway, which 341 are involved in enzymatic browning (Heath & Reineccius, 1986; Fischer & Scott, 1997; 342 Tomas-Barberan, Loaiza-Valverde, Bonfanti & Saltveit, 1997; Gil, Castaner, Fearers, 343 Artes & Tomas-Barberan, 1998). In this work, 5 phenolic compounds were identified 344 from carrots and lettuce (2,4-bis-1,1-dimethylethylphenol, 2,4-di-t-butyl-6-nitrophenol, 345 4,4,1-methyl-ethyledene-bis-phenol, phenol and butylated hydroxytoluene), while 5-346 methyl-phenyl-ester-benzoic acid was found from carrots, and 2-octyl-benzoic acid from 347 lettuce and carrots. The odor description of the benzoic acids is associated with flower, 348 honey, herb and sweetness (Table 3) , so they may have participated in the development 349 of the aroma perceived from the fresh vegetables. 350
Oxidized phenolics are substrates of polyphenoloxidase, which generates 351 polyphenols, responsible for browning when combined with amino acids to form 352 melanins (Bassil, Makris & Kefalas, 2005) . The ketones detected in this study from both 353 vegetables were 1,3-dehydro-5-methyl-2H-benzimidazol-2-one and 2,3-dehydro-6-354 amino-indol-2-one, while pyrovalerone was specific to carrots, and 2,3-dehydro-3,5-355 dehydroxy-6-methyl-4H-pyran-4-one and 5-hydroxy-methyl-dehydro-furan-2-one were 356 specific to lettuce. 357
The main products of anaerobic metabolism, such as acetaldehyde or ethanol, are 358 also interesting volatiles since the values of these compounds seem to increase in stressful 359 conditions (Charron & Cantliffe, 1995; Lopez-Galvez, Peiser, Nie & Cantwell, 1997) . 360
The alcohols 2-phenoxyethanol and cis-geraniol were detected from lettuce and carrots 361 and they are related to odors described as honey, lilac, rose or geranium (Table 3) . 4-362 methoxy-6,2-propenyl-1,3-benzodioxol was also detected but was specific for carrots 363 treated with oregano in combination with thyme. Increases in alcohol levels during 364 storage could be caused by fermentative reactions due to high CO 2 and/or low O 2 365 concentrations or due to microbiological activity (Ragaert et al., 2007) Cameron (1998), who reported that the presence of dimethyl sulfide in 10 day-old ready-374 to-eat lettuce was responsible for the development of a putrid aroma. 375 376
Volatiles identified as quality markers 377
Carvacrol and thymol methyl ether were specific to the EO treatments for both 378 vegetables (Table 4) . Thymol was detected from lettuce and carrots treated with oregano 379 combined with thyme. For lettuce, the volatiles α-caryophyllene, β-cadinene, γ-cadinene, 380 caryophyllene oxide and p-cymene were specific to the treatment of oregano in 381 combination with thyme. Caryophyllene oxide and p-cymene were also found from 382 lettuce washed with the solution containing oregano. For carrots, 4-methoxy-6,2-383 propenyl-1,3-benzodioxol was specific for the treatment of oregano in combination with 384 thyme. Carvacrol, thymol, caryophyllene and p-cymene are some of the main 385 components of oregano and thyme EO's, and may have contributed to the off-odor and 386 after-taste perceived by the panelists. 387
The linear regression and principle components analysis for passive MAP lettuce 388 over the 7 days of storage showed that carvacrol and p-cymene were markers of 389 appreciation difference between chlorine and the EO treatments (Fig. 2A) . The volatile 390 ledene and the sensory attribute browning were correlated for all the treatments (Fig. 2A) . 391
The losses of aroma, color and texture reported by sensory analysis were related to the 392 increase in TVC, Enterobacteria and Pseudomonas, while the volatiles ledene, 1,3-393 dehydro-5-methyl-2H-benzimidazol-2-one, 2-methyl-m-phenylene ester isocyanic acid, 394 thio-amino-butanamide, 2,4-di-t-butyl-6-nitrophenol, and 2,4-bis-1,1-395 dimethylethylphenol were found to be quality markers for all the treatments. The volatile 396 quality markers identified for lettuce (Table 4A) were then correlated to both sensory data 397
and microbiological results and the two following clusters were observed: (1) 2,4-di-t-398 butyl-6-nitrophenol, 1,3-dehydro-5-methyl-2H-benzimidazol-2-one and texture; (2) 2-399 methyl-m-phenylene ester isocyanic acid, off-odor, TVC, Enterobacteria and 400 Pseudomonas (Fig. 3A) . 401
Linear regression analysis for passive MAP carrots over the 7 days of storage 402
showed that β-ocimene was a marker of quality difference between chlorine and EO 403 treatments. 1,3-dehydro-5-methyl-2H-benzimidazol-2-one was also identified as a marker 404 of aroma difference between oregano in combination with thyme and the two other 405 treatments (oregano and chlorine) when PCA complemented linear regression analysis 406 (Fig. 2B) . Browning was related to the increase over storage in TVC, LAB and 407
Pseudomonas. The volatiles ledene, α-bergamotene, α-caryophyllene, α-longipinene, 408 1,3-dehydro-5-methtyl-2H-benzimidazol-2-one and thio-amino-butanamide were also 409 correlated to the increase in the spoilage bacteria population and consequently identified 410 (Table 4B ) and correlated to both sensory data and microbiological results, 417 the three following clusters were obtained: (1) α-caryophyllene, browning, TVC, LAB 418 and Pseudomonas; (2) 1,3-dehydro-5-methyl-2H-benzimidazol-2-one, acceptability, 419 appreciation, aroma and color; and (3) ledene and texture (Fig. 3B) . ), oregano ( ), or oregano and thyme ( ) over 7 days. Different letters signify statistical differences between values (p < 0.05) for each attribute. Descriptions for each score were as follows: 9 = like extremely or extremely high, 8 = like very much or very high, 7 = like moderately or high, 6 = like slightly or lightly high, 5 = neither like or dislike or neither high or low, 4 = dislike slightly or slightly low, 3 = dislike moderately or low, 2 = dislike very much or very low, and 1 = dislike extremely or extremely low. No tasting was carried out at day 7. Volatiles quality markers included in the graphics are α-bergamotene (bergamote), α-caryophyllene (humelene), α-longipinene (longipine), β-ocimene (ocimene), 1,3-dehydro-5-methyl-2H-benzimidazol-2-one (azolone), 2-methyl-m-phenylene ester isocyanic acid (cyanic2), 2,4-bis-1,1-dimethylethylphenol (ethylphenolphenol), 2,4-di-t-butyl-6-nitrophenol (nitrophenol) and ledene. Bacterial populations comprise TVC (tvc), Enterobacteria (entero), Pseudomonas (pseudo) and LAB (lab). Judgment and quality are appreciation and acceptability, respectively. 4-methyl-1,3-benzene-diamine Paint ▲• ▲• ▲• 4-methyl-m-phenylene ester isocyanic acid Paint ▲• ▲• ▲• ▲• ▲• ▲• ▲• ▲• ▲• 4,4,1-methyl-ethyledene-bis-phenol Not described ▲• ▲• ▲• ▲• ▲• ▲• ▲• ▲• ▲• 5-methyl-phenyl-ester-benzoic acid Flower, honey ▲ ▲ ▲ ▲ ▲ ▲ 5-hydroxy-methyl-dehydro-furan-2-one Spice
• • •
Butylated hydroxytoluene Phenol ▲ ▲ ▲ Caryophyllene oxide Wood ▲• ▲• ▲• ▲• ▲• ▲• ▲ ▲ ▲ Carvacrol Citrus, warm ▲• ▲• ▲• ▲• ▲• ▲• Cis-geraniol Rose, geranium ▲• ▲ ▲• ▲ ▲• ▲ Dehydro-p-cymene Citrus, pine
